Arsenic, an environmental carcinogen, remains a major public health problem. Arsenic damages biological systems through multiple mechanisms, including the generation of reactive oxygen species. ABCB6 is an ATP-binding cassette transporter that is highly expressed in cells resistant to arsenic. We have recently demonstrated that ABCB6 expression protects against cellular stressors. In the present study, we evaluated the significance of ABCB6 expression to arsenic toxicity both in mice and in cell culture. We show that sodium arsenite induces ABCB6 expression in a dose-dependent manner both in mice fed sodium arsenite in drinking water and in cells exposed to sodium arsenite in vitro. Arsenite-induced ABCB6 expression was transcriptionally regulated, but this induction was not mediated by the redox-sensitive transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2). We demonstrate that, in HepG2 and Hep3B cells, knockdown of ABCB6 expression using ABCB6-specific small interfering RNA sensitized the cells to arsenite toxicity. In contrast, stable overexpression of ABCB6 conferred a strong survival advantage toward arsenite-induced oxidative stress. Collectively, these results, obtained by both loss of function and gain of function analysis, suggest that ABCB6 expression in response to sodium arsenite might be an endogenous protective mechanism activated to protect cells against arsenite-induced oxidative stress.
Arsenic is a ubiquitous environmental pollutant. Chronic exposure of humans to inorganic arsenic results in formation of tumors of the liver and kidney and probably skin, lung, and urinary bladder (IARC, 2004; Kurt et al., 2009) . In addition to its carcinogenic effect, epidemiological studies have associated chronic arsenic exposure with an increased risk in many human nonmalignant diseases, such as peripheral vascular disease, diabetes, and chronic lung disease (ATSDR, 2007) . Evidence suggests that arsenic exerts its chronic toxicity by interacting with sulfhydryl groups and generating reactive oxygen species (ROS) that cause damage to cellular macromolecules via oxidative stress (Gomez et al., 2005; Hei and Filipic, 2004; Kojima et al., 2009; Pi et al., 2002; Yamauchi et al., 2004) . Of importance, exposure to pro-oxidants such as arsenic also results in the induction of a gene expression program whose primary function is to protect cells from oxidative stress (Liu et al., 2001a; Pi et al., 2003; Scandalios, 2005; Shinkai et al., 2006) . Understanding this protective program of adaptation and acquired tolerance to arsenic could potentially open up new therapeutic avenues for prevention and intervention strategies against the toxic effects of arsenic.
The 97-kDa ABCB6 is a member of the ATP-binding cassette (ABC) superfamily of transport proteins that was originally identified while screening for novel drug-resistant genes in the liver (Furuya et al., 1997) . Initial cloning and homology-modeling studies revealed that ABCB6 is related to the heavy metal tolerance factor 1 (HMT1) of Caenorhabditis elegans and Schizosaccharomyces pombe (Ortiz et al., 1992 (Ortiz et al., , 1995 Vatamaniuk et al., 2005) . HMT1 is a half transporter that confers tolerance to heavy metal toxicity in S. pombe (Ortiz et al., 1992) and tolerance to cadmium in C. elegans (Vatamaniuk et al., 2005) . These homology-modeling studies suggest a possible role for ABCB6 in metal tolerance. However, ABCB6 expression and metal tolerance in cell culture is conflicting. Recent studies by Annereau et al. (2004) and Paterson et al. (2007) suggest a direct correlation between arsenic resistance and ABCB6 expression in various human and mouse cell lines. They suggest that cell lines selected for resistance to arsenite have elevated levels of ABCB6 messenger RNA (mRNA) and protein. In contrast, studies by Gebel et al. (2002) demonstrate no increase in ABCB6 mRNA in HepG2 cells that were selected for arsenic resistance.
We recently characterized ABCB6 and found that this transporter localizes to the mitochondria and regulates de novo porphyrin biosynthesis (Krishnamurthy et al., 2006) . ABCB6 overexpression increases the concentration and activity of hemoproteins, including the heme-dependent antioxidant defense enzyme catalase (Lynch et al., 2009 ). ABCB6's ability to increase catalase activity protects cells against hydrogen peroxide (H 2 O 2 )-mediated oxidative stress (Lynch et al., 2009) . Thus, ABCB6 expression protects against oxidative stress. However, based on the studies reported by Paterson et al. (2007) and Gebel et al. (2002) , it is not clear whether ABCB6 can protect against arsenic-mediated oxidative stress.
Thus, the present study was conducted to determine whether arsenic can induce ABCB6 expression and, if so, whether its upregulation protects cells against arsenic-induced oxidative stress. We report that sodium arsenite induces upregulation of ABCB6. ABCB6 expression appears to be transcriptionally regulated, but this expression is not mediated by the redoxsensitive transcription factor Nrf2. More importantly, we demonstrate that loss of ABCB6 expression sensitizes cells to the toxic effects of arsenite. Finally, we provide convincing evidence that ABCB6's ability to reduce arsenite-induced oxidative stress is a contributing mechanism by which ABCB6 protects against arsenite toxicity.
MATERIALS AND METHODS
Cell culture. Human liver-derived cell lines Hep3B and HepG2 were from the American Type Culture Collection (Manassas, VA). Hep3B and HepG2 cells were cultured in modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and 100 units/ml penicillin. HepG2 and Hep3B cells were engineered to overexpress human ABCB6 as described (Krishnamurthy et al., 2006) . ABCB6-overexpressing cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 units/ml penicillin, 2mM Lglutamine, and 500 lg/ml Geneticin (G418). All chemicals were from SigmaAldrich Corporation (St Louis, MO) unless otherwise stated.
ABCB6-specific and ABCB6 nonspecific (scrambled) small interfering RNA. The small interfering RNA (siRNA) oligonucleotide and negative control scrambled oligonucleotide were custom synthesized by Dharmacon (Lafeyette, CO). Both siRNA and control oligonucleotides were used at a final concentration of 150nM and were added to cells using lipofectamine following the manufacturer's protocol. siRNA 1: 5# GCGCAUACUUUGUCACUGACA 3# 3# UUCGCGUAUGAAACAGUGACUP 5# siRNA 2: 5# CCGAAUAGAUGGGCAGGACAU 3# 3# UUGGCUUAUCUACCCGUCCUGP 5# Scrambled oligo: 5# UAGCGACUAAACACAUCAA 3#.
Real-time PCR and Western analysis. Real-time PCR was performed as previously described (Krishnamurthy et al., 2006) by using primer sets specific for the human ABCB6 or mouse Abcb6 gene, human or mouse HO-1, and human or mouse Actin gene (Jiang et al., 2009) . For Western analysis, cell lysates were prepared as described previously (Krishnamurthy et al., 2006) and 100 lg of total protein, mitochondrial protein, or microsomes was analyzed by polyacrylamide gel electrophoresis (PAGE). Blots were probed with mono-and/or polyclonal anti-ABCB6 antibody, monoclonal anti-HO-1 (Assaydesigns, Ann Arbor, MI), and monoclonal anti-porin (Mitosciences, Eugene, OR) antibodies. We detected the secondary antibody by using a chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ). ABCB6 antibodies were generated using a portion of the ABCB6 protein (aa 592-894) that is predicted to localize to the cytosol and is unique among the Abc transporters. The antibody was affinity purified and characterized for its ability to recognize the native ABCB6 protein.
Cell viability studies. Trypan blue exclusion assay was used to determine cell viability (Krishnamurthy et al., 2004) . Briefly, we exposed 10 6 HepG2 or Hep3B vector cells or ABCB6-expressing cells to increasing concentration of sodium arsenite in water for 24 or 48 h at 37°C and then counted the living cells (that were able to exclude the dye). Results are expressed as a percentage of cells surviving from the total plated. Cytotoxicity assay. In 96-well plates, we incubated Hep3B or HepG2 cells that express either an empty vector or an ABCB6-expressing vector at 37°C for 24 and 48 h and then added sodium arsenite in water in a dilution series and continued incubation for 2-4 days. We assessed cytotoxicity by using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide assay as described (Krishnamurthy et al., 2004) .
Measurement of ROS. Cells treated with sodium arsenite (25lM) for 24 h were incubated with 3lM 2#,7#-dichlorodihydrofluorescein diacetate (DCF; Molecular Probes, Eugene, OR) for 15 min at 37°C. After incubation, cells were washed with PBS, trypsinized, and resuspended in PBS solution. DCF fluorescence was measured using FACScan flow cytometer (excitation at 488 nm, emission at 515-545 nm). Data were analyzed with CellQuest software.
Isolation and purification of mitochondria. Cells were pelleted in 13 Hanks buffered saline solution (Life Technologies, Carlsbad, CA), resuspended in buffer A (10 mmol/l NaCl, 1.5mM MgCl 2 , and 10 mmol/l Tris [pH 7.4]) containing 13 protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN), swollen on ice, and disrupted with a type B Dounce homogenizer. Buffer B (525 mmol/l mannitol, 175 mmol/l sucrose, 12.5 mmol/l Tris [pH7.4], and 2.5 mmol/l EDTA) was added in a ratio of 4:10 homogenate/buffer B. The supernatant was collected after centrifugation at 1500 3 g for 10 min. The supernatant was centrifuged at 17,000 3 g for 15 min to pellet mitochondria. The crude mitochondria were purified from the endoplasmic reticulum as previously described (Krishnamurthy et al., 2006; Lynch et al., 2009) .
Catalase inhibition and catalase activity. Catalase inhibition was achieved by using 3-aminotriazole (3-AT) as described (Wang et al., 1997) . Briefly, cells were exposed to 20 mmol/l of 3-AT in PBS for the duration of the experiments. For catalase activity, cells (5 3 10 5 ) were washed twice with PBS, resuspended in PBS, sonicated for 10 s, and centrifuged at 14,000 revolutions per minute for 10 min. The supernatants from the centrifugation were subjected to the catalase activity assay. Catalase activity was determined by monitoring the rate of decomposition of H 2 O 2 , as assessed by the decrease in absorbance at 240 nm. One unit of activity represents the consumption of 1 mmol H 2 O 2 /min/ mg protein. The assay mixture (1 ml) contained 19 mmol/l H 2 O 2 and defined amounts of cell extract in 50 mmol/l phosphate buffer (pH 7) at 25°C.
Animals and treatments. Nrf2 gene-deleted mice (Nrf2
) was a kind gift from Dr Curtis Klaassen (Professor and Chair, Department of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical Center). Wild-type mice were C57BL/6J from Jackson's Laboratory. Mice were housed in polycarbonate cages (four per cage), provided normal diet and water ad libitum, and maintained on a 12-12 h light-dark cycle at 22 ± 5°C and 50 ± 20% relative humidity. At 8 weeks of age, Nrf2 þ/þ and Nrf2 À/À mice (four mice per group) were fed sodium arsenite (10 ppm) in drinking water for 24 h. Animals were sacrificed at the end of treatment. RNA was isolated from livers of mice in Trizol (Invitrogen, Carlsbad, CA), and complementary DNA generated from the RNA was used for real-time PCR as described above. Effect of sodium arsenite on Abcb6 expression was measured in 8-week-old C57BL/6J mice. Mice (four per group) were fed sodium arsenite (0, 1, 10, or 100 ppm; As(III); Sigma) in drinking water for 1 day or with 10 ppm of sodium arsenite for 1, 3, or 5 days. All mice survived sodium arsenite treatment. At the end of treatment, animals were sacrificed, tissues were harvested, and mitochondria or microsomes were isolated immediately as described above. Hundred micrograms of mitochondria or microsomes were analyzed by PAGE. Blots were probed for Abcb6, HO-1, and porin using anti-ABCB6, anti-HO-1, or anti-porin antibodies as described above.
Statistical analysis. Statistical analysis of the observed values was performed using the Student's t-test. All calculations were performed with SPSS statistical software package (SPSS Inc., Chicago, IL). All values are expressed as mean ± SD. Significant differences between the groups were determined with SPSS 10.0 software (SPSS Inc.). A difference was considered significant at the p < 0.05 level. LC 50 of sodium arsenite for HepG2 and Hep3B cells was calculated using the WATTOX.SAS statistical software package.
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RESULTS
Abcb6 Expression in Mice Fed Sodium Arsenite
Abcb6 expression was measured in mice fed increasing concentrations of sodium arsenite (0, 1, 10, and 100 ppm) in drinking water for 24 h. Sodium arsenite induced both Abcb6 mRNA and protein levels in a dose-dependent manner (Figs. 1B and 1A, respectively) . Highest induction of Abcb6 was seen in mice fed 100 ppm of sodium arsenite. Expression of heme oxygenase 1 (HO-1), a gene known to be induced in response to sodium arsenite, was used as positive control. HO-1 expression increased with increasing concentration of sodium arsenite, demonstrating treatment effectiveness (Figs. 1A and 1B). Mitochondrial protein porin whose expression is not altered in response to sodium arsenite was used as loading control in these experiments.
We next evaluated whether Abcb6 expression was regulated by sodium arsenite in a time-dependent manner. Mice (C57BL/ 6J) were exposed to 10 ppm of sodium arsenite for 1, 3, or 5 days. Sodium arsenite exposure induced Abcb6 expression throughout the 5-day treatment period (Fig. 1C) . However, the magnitude of Abcb6 expression on day 3 and day 5 following sodium arsenite treatment was similar to expression levels seen on day 1 (Fig. 1C) . As in the dose-dependent studies, expressions of HO-1 and porin were used as positive and negative controls, respectively. Cumulatively results presented in Figure  1 demonstrate that sodium arsenite induces Abcb6 expression in a dose-dependent manner in mice fed sodium arsenite in drinking water.
ABCB6 Expression in Human Hepatoma Cells Treated with
Sodium Arsenite Human hepatoma cells (HepG2 and Hep3B) were treated with increasing concentration of sodium arsenite (0-5lM) for 24 h. These cells were selected because sodium arsenite elicits stress response, initiates ROS production, and induces apoptosis in these cells (Abiko et al.,2010; Chou et al., 2005; Gebel et al., 2002) . Sodium arsenite treatment resulted in a dose-dependent induction of ABCB6 mRNA (Figs. 2B and 2C) and ABCB6 protein ( Fig. 2A) in both HepG2 and Hep3B cells.
Abcb6 Expression in Nrf2
þ/þ and Nrf2 À/À Mice Fed Sodium Arsenite in Drinking Water Arsenic-mediated regulation of gene transcription is believed to be governed by redox-sensitive transcription factors that are activated in response to oxidative stress. Among the many redox-sensitive transcription factors, nuclear factor-erythroid FIG. 1. Abcb6 expression in mice fed sodium arsenite in drinking water. (A) Immunoblot analysis of Abcb6 expression in mice (C57BL/6J) fed increasing concentrations (0, 1, 10, and 100 ppm) of sodium arsenite for 24 h. Abcb6 expression was measured in isolated mitochondria (100 lg) using Abcb6-specific antibody. Results are representative of three independent experiments with n ¼ 4 mice per treatment group. (B) Real-time PCR analysis of Abcb6 mRNA levels in livers of mice fed increasing concentrations (0, 1, 10, and 100 ppm) of sodium arsenite for 24 h. Abcb6 expression was measured using gene-specific primers. Values represent mean ± SD; n ¼ 6. Results are representative of three independent experiments. ''*'' Significantly different from untreated controls. p < 0.01. (C) Immunoblot analysis of Abcb6 expression in mice fed sodium arsenite (10 ppm) for 1, 3, or 5 days. Abcb6 expression was measured in isolated mitochondria (100 lg) using Abcb6-specific antibody. Results are representative of three independent experiments with n ¼ 4 mice per treatment group. ABCB6 PROTECTS AGAINST ARSENIC TOXICITY 521 2-related factor 2 (Nrf2) (Moi et al., 1994) appears to play a key role in arsenic-mediated activation of downstream genes (Jung and Kwak, 2010; Miyata et al., 2011; Shinkai et al., 2006) . Because Abcb6 transcript was found in our studies to be upregulated by sodium arsenite, we tested whether this induction was mediated by Nrf2. We used the Nrf2 wild-type (Nrf2 þ/þ ) and Nrf2 gene-deleted (Nrf2
) mice for these studies. We did not see any difference in basal Abcb6 expression between Nrf2 þ/þ and Nrf2 À/À mice (Supplementary  fig. S1 ). Sodium arsenite treatment induced Abcb6 expression to a similar extent in both Nrf2 þ/þ and Nrf2 À/À mice (Figs. 3A and 3B;~3.5-fold increase in Abcb6 mRNA in arsenite-treated vs. vehicle control mice), suggesting that sodium arsenitedependent induction of Abcb6 is not mediated by Nrf2. HO-1, a gene whose expression is activated by Nrf2 (Alam et al., 1999) , was used as a positive control (Fig. 3A) . HO-1 expression was induced approximately twofold in arsenitetreated Nrf2 þ/þ mice but not in Nrf2 À/À mice.
Effect of Sodium Arsenite on Cell Survival in the Presence and Absence of ABCB6
The functional importance of ABCB6 to arsenite toxicity was evaluated by blocking endogenous ABCB6 expression in two human cell lines (hepatoma cells Hep3B and HepG2) (Fig.  4) . Reduced ABCB6 expression was achieved in these cells using ABCB6-specific siRNA, which resulted in greater than 70% reduction of endogenous ABCB6 ( Based on the results presented in Figures 4A and 4B , it is conceivable that ABCB6 overexpression is cytoprotective against arsenite toxicity. To test this hypothesis, we developed ABCB6-overexpressing cell lines using HepG2 and Hep3B cells as described (Krishnamurthy et al., 2006) . ABCB6 ) mice were treated with 10 ppm sodium arsenite for 24 h. Abcb6 expression was measured by real-time PCR using gene-specific primers. Expression of HO-1 was used as positive control in these studies. Values represent mean ± SD with n ¼ 4 mice per treatment group. Results are representative of three independent experiments. ''*'' Significantly different from control mice (vehicle treated). p < 0.01. 522 CHAVAN, ORUGANTI, AND KRISHNAMURTHY expression in these cells was confirmed by immunoblot analysis using ABCB6-specific antibody (Figs. 4C and 4D , bottom panels). ABCB6's ability to protect against arsenite toxicity was evaluated by measuring cell viability. We found that both HepG2 and Hep3B cells that overexpress ABCB6 demonstrate better survival in the presence of sodium arsenite compared with vector control cells (IC50 of 211lM vs. 15.8lM for ABCB6-expressing and empty vector Hep3B cells, respectively, and 236lM vs. 12.9lM for ABCB6-expressing vs. empty vector HepG2 cells, respectively; Figs. 4C and 4D ). More importantly, knockdown of ABCB6 expression using ABCB6-specific siRNA resulted in sensitization of ABCB6-overexpressing HepG2 and Hep3B cells to arsenite toxicity (Figs. 4C and 4D ).
Effect of Sodium Arsenite on Oxidative Stress in Cells
Expressing ABCB6
It has been reported that arsenic toxicity is in part attributed to increased oxidative stress (Gomez et al., 2005; Hei and Filipic, 2004; Kojima et al., 2009; Pi et al., 2002; Yamauchi et al., 2004) . To test the hypothesis that ABCB6 protects against arsenite-induced oxidative stress, we measured ROS in ABCB6-overexpressing HepG2 and Hep3B cells in response to sodium arsenite. We first evaluated the basal level of ROS in (Figs. 5A and 5C ). We next evaluated sodium arsenite-induced oxidative stress in the vector control and ABCB6-overexpressing cells. Sodium arsenite induced oxidative stress in both vector control and ABCB6-overexpressing cells. However, the magnitude of oxidative stress in ABCB6-overexpressing cells was significantly lower than that observed in vector control cells. (Figs. 4B and 4D) . These results suggest that ABCB6 expression reduces arseniteinduced oxidative stress.
We have previously demonstrated that the expression and activity of catalase is increased in cells that overexpress ABCB6. Furthermore, this increased catalase activity in ABCB6-expressing cells protects these cells against H 2 O 2 -mediated oxidative stress (Lynch et al., 2009) . Because arsenic toxicity is in part attributed to increased oxidative stress mediated by H 2 O 2 (Biswas et al., 2010; Liu et al., 2001c; Wang et al., 2007) , we tested the relative contribution of increased catalase activity in ABCB6-overexpressing cells in protecting against arsenite toxicity. In the studies reported here, we first evaluated the ability of 3-AT to inhibit catalase activity in ABCB6-expressing and nonexpressing cells. 3-AT at a concentration of 20 mmol/l was capable of inhibiting > 80% of ABCB6-induced catalase activity (Fig. 6A) . We next evaluated the contribution of catalase to ABCB6-mediated protection against sodium arsenite. Following pretreatment with the catalase inhibitor (3-AT), ABCB6-overexpressing and nonexpressing cells were exposed to sodium arsenite for 48 h. Pretreatment with the catalase inhibitor was essential to eliminate most of the steady-state catalase protein that is induced in ABCB6-overexpressing cells (Lynch et al., 2009) . Survival was evaluated at the end of 48 h by measuring cell 
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CHAVAN, ORUGANTI, AND KRISHNAMURTHY viability. We found that, in vector control cells, blocking catalase activity increased arsenite-mediated cell death (63 and 45% at 48 and 72 h, respectively, in the absence of 3-AT compared with 45 and 20% in the presence of 3-AT; Fig. 6B ), which was statistically significant (p < 0.05). In contrast, in ABCB6-expressing cells, blocking catalase activity increased significant (p < 0.05) arsenite-mediated cell death only after 72 h of treatment. ABCB6-overexpressing HepG2 cells showed 85 and 76% survival (48 and 72 h, respectively) in response to sodium arsenite in the absence of 3-AT compared with 76 and 60% survival in cells that were pretreated with 3-AT (Fig. 6B) .
DISCUSSION
Inorganic arsenic is a ubiquitous environmental pollutant, and chronic exposure in humans has devastating health effects, including the formation of tumors of the liver, kidney, skin, lung, and bladder (IARC, 2004; Kurt et al., 2009) . Its ubiquity in the environment has led to the evolution of arsenic defense mechanisms in all living organisms studied, from Escherichia coli to man (Rosen, 2002) . These defense mechanisms work either alone or in concert to reduce cellular oxidative stress. In this study, we have investigated the role of ABCB6 to arsenic toxicity. We find that in vitro sodium arsenite induces ABCB6 expression in hepatoma cells at a concentration as low as 1lM. This low-dose induction suggests that ABCB6 expression is an adaptive response to arsenite toxicity, a phenomenon commonly termed as preconditioning that allows cells and tissues to resist future toxic insults to similar stressors (Mattson and Cheng, 2006) . In vivo ABCB6 expression is induced in a dose-dependent manner within a day following arsenite treatment, which suggests that ABCB6 is an early response gene activated in response to injury.
As noted earlier, the redox-sensitive transcription factor Nrf2 provides a predominant pathway of oxidant-mediated induction of downstream genes. In our initial analysis, ABCB6 expression did not appear to be regulated by Nrf2. This suggests that pathways independent of Nrf2 might be involved in regulating ABCB6 expression. Alternatively, arsenite-induced ABCB6 expression might be regulated posttranscriptionally. Interestingly, recent studies by Hubner et al. (2009) demonstrated induction of ABCB6 mRNA in humans in response to cigarette smoking. In these studies, Nrf2 did not mediate ABCB6 expression induced by smoking-related oxidative stress. Our studies support these findings, demonstrating that Nrf2 does not regulate ABCB6 expression. In addition to Nrf2, arsenic exposure has been shown to activate several transcription factors including p53, Sp1, activator protein 1 (AP-1), and NF-kappaB (Drobna et al., 2003; Filippova and DuerksenHughes, 2003; Huang et al., 2001; Kumagai and Sumi, 2007; Simeonova et al., 2001; Wijeweera et al., 2001) . Preliminary analysis of the human and mouse ABCB6/Abcb6 promoter using a pattern search program (nubiscan) reveals several putative cis-elements that may be capable of binding AP-1, NF-kB, and p53 (data not shown). Our future studies will evaluate the mechanism of sodium arsenite-mediated activation of ABCB6 and will address the role of these transcription factors in the activation of ABCB6.
In our studies, ABCB6 expression protected cells against acute arsenic toxicity. These results are in agreement with the studies reported by Paterson et al. (2007) but are in contrast to the studies reported by Gebel et al. (2002) . Paterson et al. (2007) suggest a direct correlation between ABCB6 expression and arsenic resistance, whereas Gebel et al. (2002) demonstrate no increase in ABCB6 expression in HepG2 cells that were selected for arsenic resistance. One clear distinction between the studies reported in the manuscript and the studies reported by Gebel et al. (2002) is that Gebel et al. evaluated ABCB6 expression in arsenic-resistant and arsenic-susceptible cells, whereas studies presented in the manuscript use ABCB6 knockdown cells that could make these cells acutely susceptible to arsenic toxicity. Thus, taken together, the results from these studies suggest the possibility that ABCB6 expression is induced in response to short-term low-dose exposure to arsenic and that this increased expression could protect against shortterm acute arsenic toxicity. In contrast, long-term exposure to acute arsenic toxicity might not induce ABCB6 expression. In this context, additional studies are required to evaluate if ABCB6 expression is induced in response to long-term acute arsenic toxicity and if ABCB6 expression can provide prolonged protection against acute arsenic toxicity.
Although our studies demonstrate protection against arsenic toxicity in in vitro cell culture, they do not provide any relevant information regarding ABCB6 expression to chronic arsenicinduced diseases in humans. The high dose of arsenic used in our study causes acute toxicity, whereas moderate doses of repetitive exposure are associated with human diseases such as cancer, diabetes, and cardiovascular diseases. Thus, the role of ABCB6 in arsenic-induced diseases of humans requires confirmation in vivo.
Arsenic is known to cause cellular injury by several mechanisms including the generation of ROS (Gomez et al., 2005; Hei and Filipic, 2004; Kojima et al., 2009; Pi et al., 2002) , and the metabolism of arsenic has an important role in this process (Styblo et al., 2002; Vahter and Concha, 2001) . Although high concentrations of inorganic arsenic can stimulate ROS production, most of the absorbed inorganic arsenic is biomethylated to its methylated species, which appear to stimulate ROS production more efficiently than inorganic arsenic (Kojima et al., 2009; Petrick et al., 2000; Styblo et al., 2000) . Thus, one adaptive mechanism that protects against arsenic toxicity is increase in the expression of stress-response genes that reduce cellular oxidative stress (Liu et al., 2001b; Pi et al., 2003; Scandalios, 2005) . Because we have previously demonstrated ABCB6-mediated protection against oxidative stress, we first evaluated whether ABCB6's ability to protect against arsenic toxicity was associated with its ABCB6 PROTECTS AGAINST ARSENIC TOXICITY 525 ability to reduce oxidative stress. We found reduced arseniteinduced oxidative stress in ABCB6-expressing cells. Thus, one potential mechanism by which ABCB6 protects against arsenite toxicity is by reducing oxidative stress.
Results from both in vivo and in vitro studies show that both superoxide and H 2 O 2 are produced in humans and animals exposed to arsenite (Biswas et al., 2010; Eblin et al., 2006; Pi et al., 2003) . The production of H 2 O 2 appears to be involved in the induction of apoptosis by arsenite in cell culture (Liu et al., 2001c; Shinkai et al., 2009; Wang et al., 2001) . It is important to note that preincubation with catalase ameliorated arseniteinduced ROS in human bladder cell culture (Eblin et al., 2006) , whereas treatment with 3-AT, an inhibitor of catalase, increased arsenite-induced micronuclei (Wang and Huang, 1994) . We have previously demonstrated that ABCB6 expression protects cells against the toxic effects of H 2 O 2 , which is mediated by ABCB6's ability to potentiate the expression and activity of catalase (Lynch et al., 2009 ). In the studies described in the manuscript, we tested whether ABCB6 protection against sodium arsenite is mediated by its ability to potentiate catalase activity. Treatment of cells with the catalase inhibitor 3-AT blocked ABCB6-mediated activation of catalase but had only a modest effect on the survival of cells exposed to sodium arsenite. Thus, although H 2 O 2 is reported to be involved in arsenite toxicity, this does not appear to be the sole mechanism by which ABCB6 protects against arsenite toxicity.
Increased ABCB6 expression occurs in drug-resistant cell lines Szakacs et al., 2004; Yasui et al., 2004) . Elevated ABCB6 mRNA levels were reported in adriamycin, camptothecin, paclitaxel, and 5-fluorouracilresistant tumor cell lines (Park et al., 2006) . Based on these observations, it was speculated that ABCB6 could be a multidrug resistance gene and that the multidrug resistance phenotype could be attributed to ABCB6's ability to function as a transporter to reduce intracellular concentrations of the respective drug compounds. It is quite possible that a similar transport mechanism mediated by ABCB6 for inorganic arsenic or its metabolite could reduce cellular arsenic concentrations. Supporting this hypothesis in cells that are engineered to overexpress ABCB6, the transporter was shown to localize to the plasma membrane (Paterson et al., 2007) . However, in our studies reported here, we were not able to detect endogenous ABCB6 expression at the plasma membrane. It is quite possible that either the concentration of arsenite used in these studies was not sufficient or the analytical techniques used were not sensitive enough to detect endogenous ABCB6 expression at the plasma membrane. Thus, additional studies are required to evaluate endogenous expression of ABCB6 at the plasma membrane and its potential contribution to arsenic toxicity. Alternatively, because most of the chemotherapeutic drugs used in the studies described by Annereau et al. (2004) , Szakacs et al. (2004) , and Yasui et al. (2004) cause cellular stress and based on the results presented in the manuscript, one could hypothesize that the mode of protection against drug-induced toxicity may be associated with ABCB6's ability to protect against oxidative stress.
In summary, the present studies demonstrate that sodium arsenite induces ABCB6 expression both in vitro and in vivo. Moreover, this induction of ABCB6 is likely responsible for protection against arsenite toxicity in vitro. Future studies will focus on both the mechanisms by which arsenic causes induction of ABCB6 and the in vivo significance of ABCB6 expression to protection against oxidative stressors.
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